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Based on an empirical study of real field traffic data measured in 1996-2014 through road detectors 
installed on German freeways, we reveal physical features of empirical nuclei for spontaneous traffic 
breakdown in free flow at highway bottlenecks. It is shown that the source of a nucleus for traffic 
breakdown is the solely difference between empirical spontaneous and induced traffic breakdowns 
at a highway bottleneck. Microscopic traffic simulations with a stochastic traffic flow model in the 
framework of three-phase theory explain the empirical findings. It turns out that in the most cases, 
a nucleus for empirical spontaneous traffic breakdown occurs through an interaction of one of waves 
in free flow with an empirical permanent speed disturbance localized at a highway bottleneck. The 
wave is a localized structure in free flow, in which the total flow rate is larger and the speed averaged 
across the highway is smaller than outside the wave. The waves in free flow appear due to oscilations 
in the percentage of slow vehicles; these waves propagate with the average speed of slow vehicles in 
free flow (about 85-88 km/h for German highways). Any of the waves exhibits a two-dimensional 
asymmetric spatiotemporal structure: Wave’s characteristics are different in different highway lanes. 

PACS numbers: 89.40.-a, 47.54.-r, 64.60.Cn, 05.65.+b 


I. INTRODUCTION 

In many equilibrium (e.g., ID m) and dissipative 
metastable systems of natural science (e.g., iMa) 
there can be a spontaneous phase transition from one 
metastable phase to another metastable phase of a sys¬ 
tem. Such spontaneous phase transition occurs when a 
nucleus for the transition appears randomly in an initial 
metastable phase of the system: The growth of the nu¬ 
cleus leads to the phase transition. The nucleus can be 
a fluctuation within the initial system phase whose am¬ 
plitude is equal or larger than an amplitude of a critical 
nucleus required for spontaneous phase transition. Nuclei 
for such spontaneous phase transitions can be observed in 
empirical and experimental studies of many equilibrium 
and dissipative metastable systems (e.g., m 1 |8HI3]). 
There can also be another source for the occurrence of 
a nucleus, rather than fluctuations: A nucleus can be 
induced by an external disturbance applied to the ini¬ 
tial phase. In this case, the phase transition is called an 
induced phase transition (e.g., mSlllHIS]). 

The occurrence of congestion in vehicular traffic re¬ 
sults either from empirical spontaneous or induced traf¬ 
fic breakdown at a highway bottleneck (Fig. 0 mHis]. 
An empirical spontaneous traffic breakdown occurs when 
free flow has been both upstream and downstream be¬ 
fore the breakdown has occurred (Fig. (b)). Empir¬ 
ical induced traffic breakdown is caused by a propaga¬ 
tion of a localized congested pattern to the bottleneck 
location; in the case shown in Fig. (c), this localized 
congested pattern is a moving jam: After the jam is far 
away upstream of the bottleneck, congested traffic re¬ 
mains at the bottleneck for a long time interval. The 


downstream front of congested traffic, which separates 
free flow downstream and congested traffic upstream of 
the bottleneck, is fixed at the bottleneck. Congested traf¬ 
fic whose downstream front is fixed at the bottleneck is 
called synchronized flow: Traffic breakdown is a transi¬ 
tion from free flow to synchronized flow at the bottleneck 
(F^S transition) ITS] . 

Because there can be either empirical spontaneous or 
induced traffic breakdown at the bottleneck (Fig. HKb, 
c)), in three-phase traffic theory is assumed that un¬ 
der conditions Cmin < ^sum < C'max free flow is in a 
metastable state with respect to an F^S transition at 
the bottleneck, where gsum is the flow rate in free flow 
at the bottleneck, Cmin and Cmax are, respectively, some 
minimum capacity and maximum capacity of free flow at 
the bottleneck mHE]. This means that in an empirical 
example shown in Fig. (d), in which due to jam prop¬ 
agation through the bottleneck no traffic breakdown has 
been induced at the bottleneck, condition qsum < C'min 
should be satisfied. 

As in other metastable systems, we could expect that 
when an empirical spontaneous traffic breakdown is ob¬ 
served, there should also be a disturbance in free flow that 
acts as a nucleus for the F^S transition (traffic break¬ 
down) at the bottleneck. However, up to now no nuclei, 
which are responsible for spontaneous traffic breakdown 
at highway bottlenecks, could be identified in real field 
traffic data measured in free flow. In this article, we re¬ 
veal empirical nuclei for spontaneous traffic breakdown in 
free flow at highway bottlenecks and study their physics. 

The article is organized as follows. The physics of em¬ 
pirical nuclei for spontaneous traffic breakdown at high¬ 
way bottlenecks is the subject of Sec. |n| An empirical 
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FIG. 1: Overview of empirical features of traffic breakdown 
(F^S transition) at an on-ramp bottleneck: (a) Sketch of 
section of three-lane highway in Germany with an on-ramp 
bottleneck, (b-d) Speed data measured with road detectors 
installed along road section in (a); data is presented in space 
and time with averaging method described in Sec. G.2 of EH- 
(b) Empirical spontaneous traffic breakdown, (c) Empiri¬ 
cal induced traffic breakdown, (d) Moving jam propagation 
through the bottleneck without induced traffic breakdown. 
Real field traffic data measured by road detectors on three- 
lane freeway A5-South in Germany on April 15, 1996 (b), 
March 22, 2001 (c), and June 23, 1998 (d). On-ramp bot¬ 
tleneck marked by dashed lines in (b-d) is effective on-ramp 
bottleneck B 3 explained in detailed in Sec. 9.2.1 of HU. Road 
detectors, at which 1-min traffic data averaged across the road 
presented in (b-d) have been measured, are at locations: x = 
0, 1.7, 3.2, 4.7, 5.1, 6.4, 7.9, 8.8, 9.8, 11.1, 12.2 km. 


spatiotemporal structure of nuclei and a microscopic the¬ 
ory of the nucleation of traffic breakdown at highway bot¬ 
tlenecks are considered in Sec. O In Sec. EYl we discuss 
empirical features of different sources of nuclei for empir¬ 
ical traffic breakdown at highway bottlenecks (Secs. [TVA 
and IV B) as well as formulate conclusions. 


II. PHYSICS OF EMPIRICAL NUCLEATION 
OF TRAFFIC BREAKDOWN AT HIGHWAY 
BOTTLENECKS 

A. Methodology of study of waves in empirical free 

flow 

In each of the freeway lanes, road detectors measure 
the following 1-min averaged data: the flow rate of all ve¬ 
hicles g, the flow rate of long vehicles gsiow, and the aver¬ 
age speed v; respectively, we can calculate the percentage 
of long vehicles ^ = lOOgsiow/^ that can be considered 
slow vehicles because the most of long vehicles moving on 
working days on German highways have a speed limit 80 
km/h (in reality, slow vehicles move usually at the speed 
within a range 80-90 km/h). 

To find nuclei for traffic breakdown, we study possi¬ 
ble waves in free flow. Additionally with possible waves 
of 1-min average traffic variables g, gsiow, and 7 /, we 
inverstigate also waves of the following variables 

^Qwave Q Q.1 ^V^wave '4^ '4^-) and (1) 

^"^wave — "^5 

where traffic variables g, F, 7 / are related to 20-min av¬ 
erage data with the used of the well-known procedure of 
“moving averaging”. 

Furthermore, to reconstruct a possible wave propaga¬ 
tion in space and time, we consider a pair of road de¬ 
tectors whose co-ordinates are x = (upstream detec¬ 
tor) and Xdown (downstream). We denote traffic variables 
measured by these detectors by t) and (/^(^down, 0 

for the upstream and downstream detectors, respectively, 
i.e., ip denotes one of traffic variables: 

(f = [Ag wave: ^'^wave 1 ^'4^ wave: Q : ^slow: '^5 (2) 

Within road locations x between these two detectors 

^up ^ X ^down: (3) 

we introduce K virtual road locations {K ^ 1) with co¬ 
ordinates Xi that are at a small distance Ad each from 
another, where i = 1,2, Ad = (xdown — Xup)/K. 

Then traffic variables cp § at each of locations Xi are 
found from formula: 

/ ,\ ^down / , , ^up \ , 

(p{xi, t) = -7^(^up, t H-) + 

^down ^up '^d 

^up / , ^down \ / .\ 

(/^(Xdown? t “h ), (4) 

^down ^up '^d 
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where is constant model parameter. Some results of 
such analysis of empirical waves in free flow are presented 
in Figs. an di We have found that empirical waves can 
propagate through the whole road section; some of the 
waves appear at on-ramps or disappear at off-ramps. 

In Fig.|^ we observe a strong increase in the flow rates 
q and gusiow in the flow direction that begins about 0.5- 
1 km upstream of the effective location of the on-ramp 
bottleneck labeled by “on-ramp bottleneck” in Fig. 

(b) [18]. Due to this increase in the flow rate, the av¬ 
erage speed decreases appreciably. 

To avoid this negative impact of average values of traf¬ 
fic variables on wave resolution in free flow (Fig. §, in 
Fig. we present waves of variables AT/^wave, ^Qwave^ and 
^"^wave 0 . Then we find out that the waves of the flow 
rate Ag^^ave and the speed Av^^ve almost coincide with 
the waves of the percentage of (slow) long vehicles A^/^wave 
(Fig.||). 

We see that each of the waves of the traffic variables 
(0 propagates downstream with the mean wave velocity 
'^wave that is approximately equal to the mean speed of 
slow vehicles (Figs. and [^: 

^wave — ^slow * 

In all empirical data, is given by the average speed 

of long vehicles that changes within range 85-88 km/h. 
Within any of the waves propagating with the velocity 
'^wave @ the percentage of long vehicles and the flow 
rate are larger, whereas the average speed is lower than 
outside the wave. 


B. Empirical nucleation of traffic breakdown at 
on-ramp bottleneck 
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(b) waves of v (x, t) 



(c) waves of qsiow(x,t) 



During a long time interval, the waves of traffic vari¬ 
ables in free flow propagate with the positive velocity 
'^wave @ through the on-ramp bottleneck without any 
consequences for free flow at the bottleneck (Fig.[^. This 
changes crucially when we consider a longer time interval 
(Fig. 

Indeed, when one of the waves propagates through the 
on-ramp bottleneck, the wave initiates traffic breakdown 
at the bottleneck. During the subsequent wave propaga¬ 
tion downstream of the bottleneck, the structure of the 
wave and its features do not change. Thus, one of the 
waves in free flow studied above becomes to be a nucleus 
for traffic breakdown at the bottleneck, when the wave 
propagates through the bottleneck (labeled by “nucleus” 
in Fig.|4](c)). 

C. Empirical nucleation of traffic breakdown at 
off-ramp bottleneck 


FIG. 2: Empirical waves in free flow shown for time interval 
06 : 00 < t < 06 : 38 before traffic breakdown has occurred 
at t = 06 : 39. Real field traffic data measured by road 
detectors on April 15, 1996 (Monday) (Fig.[^(b)): (a) Waves 
of the total flow rate q{x,t) presented by regions with variable 
shades of gray (blue in the on-line version) (in white regions 
q < 5400 vehicles/h, in black (dark blue) regions q > 8000 
vehicles/h). (b) Waves of the speed v{x,t) averaged across 
the road presented by regions with variable shades of gray (in 
white regions > 100 km/h, in black regions < 75 km/h), 
(c) Waves of the total flow rate of long vehicles qsiow{x,t) 
presented by regions with variable shades of gray (blue in the 
on-line version) (in white regions gsiow < 720 vehicles/h, in 
black (dark blue) regions ^siow > 1500 vehicles/h). In formula 
we use Vd = 90 km/h, number of virtual road locations 
iy = 65 between each pair of detectors, number of virtual 
time steps within 1 min time interval between two consequent 
measurements at road detectors is equal to 14. 


The empirical result shown in Fig. [^remains qualita¬ 
tively the same for the case of wave propagation through 
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FIG. 3: Empirical waves of A'0wave (a), A^wave (b), and 
Ai;wave (c) for data in Fig. (b) averaged across the road 
for the same time interval as that in Fig. (real field traffic 
data measured by road detectors installed along three-lane 
freeway): (a) Waves of A'0wave(^c, t) are presented by regions 
with variable shades of gray (green in the on-line version) 
(in white regions A'^wave < 0.1 %, in black (dark green) re¬ 
gions A'0wave > 1 %)• (b) Waves of Agwave(a:,t) are presented 
by regions with variable shades of gray (blue in the on-line 
version) (in white regions A^wave < 600 vehicles/h, in black 
(dark blue) regions A^wave > 1500 vehicles/h). (c) Waves 
of Ai’wave(^c, t) are presented by regions with variable shades 
of gray (in white regions Ar'wave < 1 km/h, in black regions 
Ar’wave >15 km/h). Model parameters in formula 0 are the 
same as those in Fig. 


an off-ramp bottleneck. In Fig. there are three bot¬ 
tlenecks: an off-ramp bottleneck and two upstream on- 
ramp bottlenecks. In this case, traffic breakdown occurs 
at the off-ramp bottleneck. This traffic breakdown leads 
to the emergence of a complex spatiotemporal congested 


FIG. 4: Empirical nucleus in free flow for data in Fig. n(b). 
Empirical waves of A'^wave (a), A^wave (b), and Ar'waveT^) 
free flow for a longer time interval as that in Fig. (real field 
traffic data measured by road detectors installed along three- 
lane freeway). In (a-c), regions labeled by “synchronized 
flow” show symbolically synchronized flow. Parameters of 
the presentation of empirical waves in (a-c) are the same as 
those in Fig.a-c), respectively. 

pattern upstream of the off-ramp bottleneck (Fig. |^. 

Before the breakdown has occurred, there is also a 
complex sequence of waves of traffic variables AT/^wave^ 
Ag'wave, and Ar^^ave in free flow; some of the waves prop¬ 
agate through the whole 25 km long highway section 

(Fig.0- 

When we consider a longer time interval as that shown 
in Fig. we find that while one of the waves approaches 
the off-ramp bottleneck, the wave initiates traffic break¬ 
down at the bottleneck (Fig. [^. The structure of the 
wave and its features do not change after the wave is 
downstream of the off-ramp bottleneck. Thus, as in the 
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FIG. 5: Overview of empirical features of traffic breakdown 
(F^S transition) at off-ramp bottleneck: (a) Sketch of sec¬ 
tion of three-lane freeway A5-South in Germany with off-ramp 
bottleneck and two upstream on-ramp bottlenecks, (b) Speed 
data measured with road detectors installed along road sec¬ 
tion in (a); data is presented in space and time with averaging 
method described in Sec. G.2 of na. Real held traffic data 
measured by road detectors on September 03, 1998 (Thurs¬ 
day). Off-ramp bottleneck, on-ramp bottleneck 1 and on- 
ramp bottleneck 2 marked by dashed lines are, respectively, 
effective bottlenecks Ri, R 2 , and explained in detailed in 
Sec. 9.2.1 of [14]. Road detectors are at locations: x = 0, 
1.7, 3.2, 4.7, 5.1, 6.4, 7.9, 8.8, 9.8, 11.1, 12.2, 13.7, 14.8, 15.5, 
16.1, 17.0, 17.7, 18.9, 19.8, 20.8, 21.7, 22.8, 23.3, 24.0 km. 
The on-ramp bottleneck labeled by “on-ramp bottleneck 2” 
in (b) is the same as that in Fig. 

case of the on-ramp bottleneck (Fig. (c)), the wave in 
free flow mentioned above becomes to be a nucleus for 
traffic breakdown at the off-ramp bottleneck, when the 
wave propagates through this bottleneck (Fig. [!l(c)). 

D. Empirical probability of spontaneous traffic 
breakdown at highway bottlenecks 

In 1998, Persaud et al. [24] discovered that the em¬ 
pirical probability of traffic breakdown at highway bot¬ 
tlenecks is a growing flow rate function. This empiri- 




FIG. 6: Empirical waves in free how averaged across the road, 
which are associated with data in Fig.[^(b), for time interval 
05 : 45 < t < 06 : 45 before the breakdown has occurred: 
(a) Waves of A^/^wave are presented by regions with variable 
shades of gray (green in the on-line version) (in white regions 
A'0wave < 0.1 %, in black (dark green) regions A'0wave > 1 
%). (b) Waves of A^wave are presented by regions with vari¬ 
able shades of gray (blue in the on-line version) (in white 
regions A^wave < 700 vehicles/h, in black (dark blue) regions 
A^wave > 2000 vehicles/h). (c) Waves of Auwave are pre¬ 
sented by regions with variable shades of gray (in white re¬ 
gions Auwave < 2 km/h, in black regions Auwave > 15 km/h). 
Real held traffic data measured on September 03, 1998. Model 
parameters in formula @ are the same as those in Fig.|2] 


cal probability of traffic breakdown has hrstly been ex¬ 
plained by an F^S transition in a metastable free how 
at an on-ramp bottleneck with the use of simulations of a 
three-phase cellular automaton model [25] . This theoret¬ 
ical probability of spontaneous breakdown at a highway 
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FIG. 7: Empirical nucleus in free flow associated with data 
in Fig.[^(b). Empirical waves of A'^wave (a), A^wave (b), and 
Ar'wave (c) in free flow averaged across the road for a longer 
time interval as that shown in Eig.[^ In (a-c), regions labeled 
by “synchronized flow” show symbolically synchronized flow. 
Parameters of the presentation of empirical waves in (a-c) are 
the same as those in Eig.[^a-c), respectively. Real field traffic 
data measured by road detectors on September 03, 1998. 


bottleneck is well fitted by a function [25] 

p(B) ^ _ I _^ 

1 + exp[Q;(gp - qsum)] ’ 


(6) 


where gsum is the flow rate in free flow at the bottleneck, 
a and gp are parameters. Qualitatively the same grow¬ 
ing flow-rate function for the breakdown probability has 
also been found in measured 5-minutes average traffic 
data [26H3Q] . 

However, the wave duration in the data is usually less 
than 5 minutes (Figs. [2]-[^ and Therefore, in 5- 
minutes average traffic data studied in [261430] the waves 
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FIG. 8: Gomparison of empirical (black points) and theo¬ 
retical (dashed curves related to ®) probabilities of traffic 
breakdown; empirical breakdown probabilities (black points) 
are related to real field traffic data measured by road detectors 
installed along a section of three-lane freeway A5-South with 
effective bottlenecks shown in Fig.l^ (a) Probability of traffic 
breakdown at on-ramp bottleneck (labeled by “on-ramp bot¬ 
tleneck 1” in Fig.[^(b)); empirical breakdown probability was 
found from a study of traffic data in which traffic breakdown 
was observed on 56 different days, (b) Probability of traffic 
breakdown at off-ramp bottleneck (labeled by “off-ramp bot¬ 
tleneck” in Fig. [^(b)); empirical breakdown probability was 
found from a study of traffic data in which traffic breakdown 
was observed on 89 different days. 


cannot usually be resolved. 

We study the flow rate functions of the empirical prob¬ 
ability of spontaneous traffic breakdown whose nucle- 
ation is associated with wave propagation through high¬ 
way bottlenecks. To find the empirical breakdown proba¬ 
bility (black points in Fig.|^, we study data sets of 1-min 
averaged data measured during in 1996-2014. In each of 
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the data sets traffic breakdown has been observed. The 
data sets have been measured on the same section of the 
freeway A5-South as the data studied above (Figs. [2]-[^. 

Empirical breakdown probabilities (black points in 
Fig.[^ are found as functions of the total flow rate across 
the road as follows: (i) The breakdown is measured at de¬ 
tector with the use of 1-min averaged data. In the most 
of the data sets used for the calculation of the empirical 
breakdown probability (black points in Fig. [^, a nucleus 
for traffic breakdown appears during the propagation of 
one of the waves through the bottleneck location, (ii) 
The flow rates in free flow (before the breakdown) have 
been averaged over 15 min intervals, (hi) The flow rate 
axis is divided in flow rate intervals (g/^, Qk + ^Qk) with 
constant Aqk = 940 vehicles/h (“/c-flow rate interval”), 
k = 1,2, ...TC, where K is the total number of different k- 
flow rate intervals in free flow; (iv) for each of the k-B.ow 
rate intervals, breakdown probability is equal to rik/Nf^, 
where Nk is the number of observed flow rates within the 
/c-flow rate interval in all data sets, is the number of 
breakdowns found in the k-B.ow rate interval. 

We have found that the empirical probabilities of traffic 
breakdown measured at detector as function of the flow 
rate (black points in Fig. for both the on-ramp and 
off-ramp bottlenecks are well fitted with a theoretical one 
given by formula ^ with fitting parameters (gp, a~^) = 
(6800, 456) vehicles/h for the on-ramp bottleneck (Fig.|^ 
(a)) and (6600, 643) vehicles/h for the off-ramp bottle¬ 
neck (Fig. (b)). 


E. Empirical permanent disturbances at highway 
bottlenecks and nucleation of empirical traffic 
breakdown 



nucleus: result of interaction of 
wave with permanet speed 
disturbance leading to breakdown^ 
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In empirical data sets, a wave moving in free flow at the 
velocity ^ acts as a nucleus for traffic breakdown only 
at some effective location of a highway bottleneck: No 
traffic breakdown has been observed between the bot¬ 
tleneck locations. To understand this empirical result, 
rather than waves of Ai;wave (Fig -|^5 we consider empir¬ 
ical waves of the speed v{x^t) averaged across the road 
(Fig. 11(a)). 

We see that additionally to waves of the speed propa¬ 
gating downstream, there are three narrow road regions, 
which are localized in neighborhoods of the locations of 
off-ramp bottleneck, on-ramp bottleneck 1, and on-ramp 
bottleneck 2, respectively. Within these narrow regions, 
the speed is smaller than outside them (Fig. ^(a)). These 
narrow regions of the decrease in the speed at the effec¬ 
tive locations of the bottlenecks can be called permanent 
empirical local speed disturbances in free flow at highway 
bottlenecks [3T] . 

Empirical observations show that a wave acts as a nu¬ 
cleus for traffic breakdown only when the wave reaches 
the location of a permanent local speed disturbance in 
free flow at a highway bottleneck. For this reason, the 
location of the permanent disturbance determines the ef- 


FIG. 9: Explanation of physics of nuclei for traffic breakdown 
with empirical data: (a) Empirical permanent local speed dis¬ 
turbances in free flow at highway bottlenecks for the data set 
for which traffic breakdown is shown in Fig. m (real field traffic 
data measured on September 03, 1998). (b) The same data 
as in (a), however, for a longer time interval showing that the 
nucleus for the breakdown at the off-ramp bottleneck appears 
due to some interaction of the wave with a permanent speed 
disturbance at the bottleneck. In (a, b), empirical data for 
the speed v{x^t) presented by regions with variable shades of 
gray; in white regions > 115 km/h, in black regions r' < 80 
km/h. Parameters of the speed presentation v{x^t) made with 
are the same as those in Fig. Narrow road regions of 
a smaller speed (permanent local speed disturbances), which 
are localized in neighborhoods of the effective locations of the 
bottlenecks, are marked by double dashed lines. Off-ramp 
bottleneck, on-ramp bottleneck 1, and on-ramp bottleneck 2 
are the same as those in Fig. 


















fective location of the bottleneck at which traffic break¬ 
down occurs. A decrease in the free flow speed within the 
permanent local speed disturbance becomes larger, when 
the wave reaches the effective bottleneck location. This 
is because within the wave the flow rate is larger and the 
speed is smaller than outside the wave. 

Thus the physics of the occurrence of empirical nu¬ 
clei for traffic breakdown at highway bottlenecks can be 
explained by an interaction of a wave in free flow with 
a permanent speed disturbance localized at the effective 
location of the bottleneck. 

Empirical results presented in Figs.[^(b) and 10 for the 
off-ramp bottleneck confirm the above conclusion that a 
wave becomes to be nucleus for traffic breakdown only 
at the effective locations of the bottleneck at which per¬ 
manent speed disturbance is localized (Fig. 11(a)) [32]. 
The same conclusion is valid for the on-ramp bottleneck 
(Fig.[^ that is the bottleneck labeled by “on-ramp bot¬ 
tleneck 2” in Fig. For both off- and on-ramp bot¬ 
tlenecks, a wave, within which the percentage of long 
vehicles (Figs. [1Q| (a) and [ll[a)) and the flow rate are 


larger (Figs.[To|m and pT c]) whereas the average speed 
is lower (Figs. |1Q| (b) and llffi)) than outside the wave. 


becomes to be a nucleus for traffic breakdown only at the 
effective location of the bottleneck at which a permanent 
speed disturbance is localized (Fig. |9](a)). 

The empirical evidence of the effect of permanent local 
speed disturbances in free flow at the effective locations 
of highway bottlenecks on the breakdown nucleation due 
to wave propagation revealed in the article confirms the 
theoretical explanation of an F^S transition made in 
three-phase theory. In this theory, the assumption about 
the existence of permanent local speed disturbances in 
free flow at the effective locations of highway bottlenecks 
should explain why the probability of the F^S transi¬ 
tion in metastable free flow is considerably larger at the 
bottlenecks than outside them [T1II9H22]. 

More than 160 traffic breakdowns at on- and off-ramp 
bottlenecks on different highways in Germany that mea¬ 
sured during 1996-2014 have been studied. It turns out 
that the empirical result of breakdown nucleation at a 
highway bottleneck due to the interaction of a wave in 
free flow with a permanent speed disturbance localized 
at the effective location of the bottleneck is the common 
one for the most of the data sets. 


III. EMPIRICAL SPATIOTEMPORAL 
STRUCTURE OF NUCLEI AND MICROSCOPIC 
THEORY OF BREAKDOWN NUCLEATION 

A. Empirical two-dimensional (2D) asymmetric 
spatiotemporal structure of nuclei for traffic 
breakdown 


To study a possible effect of a non-homogeneity of traf¬ 
fic flow across the road on the breakdown nucleation, we 
consider empirical traffic variables in different freeway 


lanes (Figs, [l^ and [13|). We should mention that the most 
of long vehicles move in the right lane (sometimes traffic 
flow in the right lane consists of almost 100% (slow) long 
vehicles) (Fig. (a)). The percentage of long vehicles 
-0 in the middle lane is considerably smaller than in the 
right lane; almost no long vehicles move in the left lane 
(Fig.[^(a)). 

We have found the following empirical result: An em¬ 
pirical wave in free flow exhibits a two-dimensional (2D) 
structure: Wave’s characteristics are different in different 
highway lanes (Fig.jl^. This wave structure is asymmet¬ 
ric for different traffic variables in the perpendicularly 
direction to the flow direction. The most waves of long 
vehicles are observed in the right lane, while in the left 
lane almost no waves of A^/^wave exist. On contrary, the 
most waves of the flow rate and vehicle speed are ob¬ 
served in the left lane, while in the right lane almost no 
waves of Ag^^ave and A'r’wave exist. 

However, to understand the effect of 2D asymmetric 
structure of nuclei on features of traffic breakdown, a 
study of microscopic empirical data is required in which 
lane changing and vehicle acceleration (deceleration) in 
a neighborhood of a bottleneck can be resolved. Un¬ 
fortunately, such microscopic (single-vehicle) empirical 
data for free flow at bottlenecks is currently not avail¬ 
able. Therefore, in Sec. IIIB with the use of a three- 
phase stochastic microscopic traffic flow model, we study 
theoretical predictions about the effect of 2D asymmet¬ 
ric structure of nuclei on microscopic features of traffic 
breakdown at an on-ramp bottleneck. 


B. Microscopic theory of the nucleation of traffic 
breakdown at highway bottlenecks 

L Model 

We consider a simple model of traffic flow on two-lane 
road with an on-ramp bottleneck. In this model, we as¬ 
sume that traffic flow consists of identical passenger vehi¬ 
cles in which there is only one slow vehicle moving in the 
right road lane. Such a model of traffic flow with a slow 
vehicle is known as a “moving bottleneck” model [35]-[44] . 

However, as explained in details in m, traffic flow 
models used in [351143] cannot describe an F^S tran¬ 
sition in metastable free flow at a highway bottleneck, 
as observed in all known measured traffic data El in¬ 
cluding empirical field traffic data studied in this article. 
Therefore, we make simulations with a stochastic micro¬ 
scopic three-phase traffic flow model with on-ramp and 
moving bottlenecks of Ref. [44]. In this model, states of 
synchronized flow cover a two-dimensional region (2D) 
in the flow-density plane (Fig.[^(a)), as it follows from 
a hypothesis of three-phase theory about states of syn¬ 
chronized flow [451147] . As shown in [23l |44l [50H52], 
this model can reproduce all known empirical macro¬ 
scopic features of traffic breakdown (F^S transition) in 
metastable free flow at highway bottlenecks [53] . 
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FIG. 10: Empirical time-distributions of traffic variables averaged across the road at different detector locations within a wave 
that initiates the breakdown at the location of a permanent speed disturbance (effective location of the off-ramp bottleneck): 
(a) The percentage of long vehicles, (b) The speed, (c) The total flow rate. Arrows in downstream direction show regions of 
the downstream propagation of the wave. The arrow in upstream direction in (b) shows the propagation of synchronized flow 
that has occurred due to the breakdown at the off-ramp bottleneck. The same real field traffic data as that shown in Fig. 
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FIG. 11: Empirical time-distributions of traffic variables at different road detector locations within a wave that initiates the 
breakdown at the on-ramp bottleneck: (a) The percentage of long vehicles, (b) The speed averaged across the road, (c) 
The total flow rate. Arrows in downstream direction show regions of the downstream propagation of the wave. The arrow in 
upstream direction in (b) shows the propagation of synchronized flow that has occurred due to the breakdown at the bottleneck. 
The same real field traffic data as that shown in Fig s, (b) and measured on April 15, 1996; the on-ramp bottleneck is the 
bottleneck labeled by “on-ramp bottleneck 2” in Fig.|9| the effective location of this on-ramp bottleneck is approximately equal 
to X = 6.4 km. 
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FIG. 12: Empirical time-dependencies of percentage of long 
vehicles (a), speed (b), and flow rate (c) in different highway 
lanes at location x = 0 km for real held trafhc data shown in 
Fig.g(b). 


A moving bottleneck is caused by a slow vehicle that 
moves in the right lane at a maximum speed vm that is 
lower than the speed of other (identical) vehicles Vfree- It 
is assumed that there is a road region with length up¬ 
stream of the slow vehicle (Fig. (b)). This region is a 
moving one at the speed um- Within this moving region 
Lc , called as “moving merging region” of the moving bot¬ 
tleneck, all passenger vehicles moving in the right lane 
change to the left lane, while approaching the moving 
bottleneck; this lane changing occurs independent of the 
speed difference betwe en la nes, when some safety condi¬ 
tions are satisfied (Sec. A 2). The length of the moving 
merging region is associated with the mean distance at 
which vehicles recognize the slow vehicle. In accordance 
with in, a moving bottleneck can be a nucleus for traf¬ 


fic breakdown (F^S transition) at an on-ramp bottle¬ 
neck (Fig. [^(c)). Because the rules of vehicular motion 
in the three-phase traffic flow model as well as in the 
bottleneck models (FigJ^(b)) have been presented and 
discussed in details in |44j . they are given in Appendix [A| 


2. Microscopic 2D asymmetric structure of waves in free 
flow 


To understand the 2D asy mmet ric structure of empir¬ 
ical waves in free flow (Sec. Ill A) as well as a possible 
impact of this wave structure on traffic breakdown, in 
comparison with [44] , we study here the effect of the mov¬ 
ing bottleneck on spatiotemporal distributions of traffic 
variables in different road lanes (Fig, [l^ (d-g)), on lane 
changing behavior in a neighborhood of the moving bot¬ 
tleneck upstream of the on-ramp bottleneck (Fig.jlbjand 
in a neighborhood of the on-ramp bottleneck (Fig. |16[). 

To pass the slow vehicle (moving bottleneck), vehicles 
moving in the right lane change to the left lane within 
the merging region of the moving bottleneck (up-arrows 
R^L for vehicles 1 and 2 in Fig. 15). After passing 


the slow vehicle, most of these vehicle change back to 
the right lane (down-arrows L^R for vehicles 1 and 2 
in Fig. 15). This sequence R^L^R of lane changing 


leads to an increase in the flow rate in the left lane in a 
neighborhood of the slow vehicle (Fig.[^(d)). Therefore, 
this increase in the flow rate in the left lane moves with 
the speed of the slow vehicle: A wave of the increase 
in the flow rate occurs that moves at the velocity um 
(F ig. (d)). Due to the increase in the flow rate, the 
speed in the left lane within the wave decreases. Time- 
distributions of the flow rate, speed, and density within 
the wave in the left lane (Fig. (^“g)) confirm these 
conclusions about the wave features. 

There is also an increase in the flow rate in the right 
lane. This increase in the flow rate is due to an increase 
in the vehicle density upstream of the moving bottleneck 
(Fig. (b)); however, this increase in the flow rate is 
considerably smaller than that in the left lane. Thus the 
wave of the flow rate exhibits a 2D asymmetric structure 
whose characteristics are different in different highway 
lanes (Fig.[^(d)). This is qualitatively exactly th e sam e 
effect as observed in real field empirical data (Sec. Ill A). 

These simulati ons a llow us to explain empirical waves 
in free flow (Secs. IIA and III A) as follows. In empirical 
data, the percentage of slow (long) vehicles in the right 
lane exhibits large oscillations over time (Fig. [T^a)). 
Therefore, waves of slow vehicles occur in the right lane. 
Because the most of slow vehicles move in the right lane 
(Fig. (a)), the largest wave amplitude is ob¬ 

served in the right lane (left column in Fig. (a)), 
whereas almost no waves of slow vehicles is observed in 
the left lane (left column in Fig. [^(c)) |lQ7j . 

There are very different empirical vehicle speeds in the 
left and middle lanes (Fig. [T^b)). This allows us to 
assume that there are passenger vehicles that prefer the 
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FIG. 13: Empirical waves of the percentage of slow (long) vehicles A'^wave (left column), the flow rate A^wave (middle column), 
and the vehicle speed Ai’wave (right column) in free flow for different road lanes for real held traffic data shown in Fig. m (b) 
during the same time interval as that in Fig. (a) Right lane, (b) Middle lane, (c) Left lane. Waves of A'0wave(a:,G 
presented by regions with variable shades of gray (green in the on-line version) (in white regions A'^wave < 0.3 %, in black 
(dark green) regions A'^wave > 1 %)• Waves of A^wave(a:,t) are presented by regions with variable shades of gray (blue in the 
on-line version) (in white regions A^wave < 480 vehicles/h, in black (dark blue) regions A^wave > 800 vehicles/h). Waves of 
Avwave{x, t) are presented by regions with variable shades of gray (in white regions Avwave < 7 km/h, in black regions Ar'wave > 
20 km/h). Model parameters in formula @ are the same as those in Fig. 
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left lane right lane 



FIG. 14: Simulations of the nucleation of traffic breakdown on 
two-lane road with on-ramp bottleneck through wave prop¬ 
agation in free flow: (a) Hypothesis of three-phase theory 
about 2D-steady states of synchronized flow incorporated in 
a stochastic microscopic three-phase model used for simula¬ 
tions. (b) Models of moving and on-ramp bottlenecks, (c) Nu¬ 
cleation of traffic breakdown at on-ramp bottleneck through 
wave propagation caused by a moving bottleneck in different 
road lanes (left - left lane, right - right lane), (d) Wave of 
the flow rate q{x,t) in different road lanes (left - left lane, 
right - right lane) presented by regions with variable shades 
of gray (in white regions q < 2000 vehicles/h, in black regions 
q > 2150 vehicles/h); wave presentation is made with the use 
of a virtual detector moving at the speed vm (Appendix . 
(e-g) Time-functions of the flow rate (e), the speed (f) and 
the density (g) within the wave in the left lane at location x = 
5 km. Vm = 82.8 km/h, (^in, ^on) = (1800, 750) vehicles/h, 
Xon = 10 km. Other model parameters are in Table |III| of 
Appendix 


uninterrupted motion at a higher speed in the left lane, 
and those passenger vehicles that prefer the motion in 
the middle and right lanes at a lower speed, while using 
the left lane for passing only. 

We can assume that the frequency of this passing in¬ 
creases considerably when passenger vehicles approach 



sicfw vehicle 
(moving bottleneck) 


FIG. 15: Fragment of simulated vehicle trajectories of se¬ 
quence R^L^R of lane changing in a neighborhood of the 
slow vehicle (moving bottleneck) associated with simulations 
shown in Fig.[^(c, d): (a) Left lane, (b) Right lane. 


a wave of slow vehicles in the right lane: The passen¬ 
ger vehicles change firstly to the left lane and, after the 
vehicles have passed the wave, they change back to the 
middle and to the right lanes. This is qualitatively the 
same effect as the sequence R^L^R of lane changing in 
the neighborhood of the slow vehicle found in simulations 

(Fig-iii. 

Thus, during the passing of a wave of slow vehicles 
in the right lane, the flow rate in the left lane increases 
firstly, and then the flow rate decreases. As in simulations 
(Fig.[^(d)), this should lead to the wave of the flow rate 
in the left lane caused by the wave of slow vehicles in the 
right lane (Fig.jl^. This explains the emergence of waves 
^Qwave ruoving at the average speed of slow vehicles 
(Figs. i and [T^ that is considerably smaller than the 
vehicle speed in the left and middle lanes (Fig.[^. As in 
simulations, the increase of the flow rate in free flow leads 
to a speed decrease; therefore, as in simulations (Figs.j^ 
(e, f)), in empirical observations a 2D-structure of the 
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waves of the speed and flow rate coincide qualitatively 
each other (middle and right columns in Fig. 13). 


3. Microscopic structure of permanent speed disturbance at 
bottleneck 


In simulations, there is a permanent speed disturbance 
at the on-ramp bottleneck (Fig. [T^. To explain the dis¬ 
turbance, note when the flow rate gin (Fig. (b)) is 
large enough, due to vehicle merging from the on-ramp 
into the right lane of the main road (vehicle “p” in Fig.p!^ 
(a)), the following vehicle moving in the right lane on the 
main road decelerates (vehicle 3 in Fig. (a-c)). This 
deceleration of vehicle 3 forces the following vehicles 4 
and 5 to decelerate: The speed disturbance occurs in 
a neighborhood of the merging re gion on the on-ramp 
(xon ^ X < Xon in Figs. 14 (b) and 16 (a-c)). Although 


the minimum speed within the disturbance increases over 
time (vehicle 3-5 in Fig. (b, c)), the disturbance is 
maintained on average because next vehicle that merges 
from the on-ramp onto the main road (vehicle “m” in 
Fig. (a)) leads to the deceleration of the following ve¬ 
hicle (vehicle 6 in Fig. (a-c)), and so on. 

The permanent speed disturbance occurs also in the 
left lane (vehicle 7 in Fig.[^(d-f)). The disturbance ap¬ 
pears due to vehicles that decelerate initially within the 
disturbance in the right lane and then they change to the 
left lane as shown with an example of vehicle 8 together 
with arrow labeled by R^L in Fig. (a, d). Due to 
this lane changing, the following vehicle 9 must deceler¬ 
ate to a smaller speed than that of vehicle 8. The lane 
changing maintains the permanent speed disturbance in 
the left lane (vehicles 9-11 in Fig. 16 (d-f)). 


4- Microscopic features of interaction of waves in free flow 
with permanent local disturbance at bottleneck 

Before the moving bottleneck reaches the on-ramp bot¬ 
tleneck, no spontaneous traffic breakdown occurs at the 
on-ramp regardless of the existence the permanent speed 
disturbance. This is because at chosen flow rates gin and 
gon the probability of spontaneous traffic breakdown due 
to model fluctuations is small (although this probability 
is larger than zero). However, when the wave reaches 
the effective location of the on-ramp bottleneck (Fig. 
(c)), the speed decreases at the bottleneck additionally 
to that within the permanent speed disturbance; as a re¬ 
sult, the wave becomes to be a nucleus for spontaneous 
traffic breakdown at the bottleneck. 

In simulations, this traffic breakdown is associated 
with the interaction of the permanent speed disturbance 
with the wave of the flow rate and speed caused by the 
moving bottleneck. The breakdown begins to develop in 
the left lane in which the flow rate is larger and the speed 
is smaller than outside the wave. Firstly, within the re¬ 
gion of the permanent disturbance (xon ^ x < Xon in 



FIG. 16: Simulations of permanent local distur ban ce in free 
flow at on-ramp bottleneck associated with Fig.[^(c): (a-c) 
Fragment of vehicle trajectories (a) and microscopic (single¬ 
vehicle) speed along chosen trajectories (b, c) in time (b) and 
location (c) whose numbers are the same in (a) and (b, c) in 
the right lane, (d-f) Fragment of vehicle trajectories (d) and 
microscopic speed along chosen trajectories (e, f) in time (e) 
and location (f) whose numbers are the same in (d) and (e, 
f) in the left lane. 


Figs. (b) and nil), vehicle “p2” merges from the on- 
ramp into the right lane; this vehicle changes quickly to 
the left lane (up-arrow R^L for vehicle “p2” in Fig. 17). 
Due to the increase in the flow rate within the wave in 
the left lane, following vehicles 12-14 should decelerate. 
This vehicle deceleration causes traffic breakdown: the 
upstream front of synchronized flow is forming in the 
left lane while propagating upstream (dotted-dashed line 
labeled by F^S in Fig. (a)). Vehicles 15 and 16 ap¬ 
proaching this front of synchronized flow change to the 
right lane (down-arrows L^R for vehicles 15 and 16 in 
Fig. 17). However, vehicles 15 and 16 should follow ve¬ 
hicle “m2” that has just merged from the on-ramp into 
the right lane. Thus vehicles 15 and 16 should deceler¬ 
ate. This vehicle deceleration causes traffic breakdown: 
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FIG. 17: Fragments of simulated vehicle trajectories associ¬ 
ated with Fig. [^(c): (a) Left lane, (b) Right lane. 


the upstream front of synchronized flow is forming in the 
right lane while propagating upstream (dotted-dashed 
line labeled by F^S in Fig. [l7| (b)). 

In contrast to simulations with a single slow vehicle 
(Fig.(b)), in r eal fie ld data there are many slow vehi¬ 
cles (S^s. \n\ and |III A ). However, in the empirical data 
there are large time-oscillations of the percentage of slow 
vehicles (Fig.[^(a)). For this reason, a sequence of waves 
of slow vehicles occurs (left column in Fig.jl^. Based on 
a simple model with the single slow vehicle, we have sim¬ 
ulated one of such waves of real traffic (Figs. 14-17). We 
have found that, as in empiricai observations (Fig. 13), in 
simuiations the wave exhibits a 2D-structure of the flow 


rate and speed (Fig. 


^(d-f)). Moreover, as in empiricai 


observations (Sec.|ll), in simuiations we have found that 
a nucieus for traffic breakdown (F^S transition) at the 
bottieneck (Figs.[^(c) andpT|) occurs due to an interac¬ 
tion of this wave with a permanent speed disturbance at 
a highway bottieneck. Thus the above simuiations can 
(at ieast quaiitativeiy) expiain the physics of empiricai 
findings of Secs. [ll|an d |mAl 


A. 


IV. DISCUSSION 


Sources of nucleus for empirical traffic 
breakdown 


Both an empirical wave in free flow (Figs.[^(b) and[^ 
and a localized congested pattern (wide moving jam in 
Fig. (c)) become to be nuclei for traffic breakdown, 
when they reach the effective iocation of a highway bot¬ 
tieneck. However, the propagation of a singie congested 
pattern to the effective bottieneck location is sufficient 
for the inducing of the breakdown at the bottieneck. In 
contrast, many waves in free flow can propagate through 
the bottieneck while initiating no breakdown at the bot¬ 
tleneck (Figs. and . 

The latter empirical result allows us to assume that at 
a given flow rate in free flow at a highway bottleneck there 
is a critical wave related to a critical nucleus for traffic 
breakdown. Therefore, if a wave is a smaller one than 
the critical wave for a given flow rate at a highway bot¬ 
tleneck, then no breakdown occurs while the wave prop¬ 
agates through the bottleneck. For example, all waves 
shown in Fig. for t < 6 : 35 and in Fig. for t < 6 : 40 
should be smaller than critical waves. However, waves 
that become to be nuclei for the breakdown at the effec¬ 
tive locations of the bottlenecks in Figs. and should 
be equal to or larger ones than critical waves for the 
breakdown at the related bottlenecks, respectively. 

In contrast with waves in free flow, within a congested 
pattern the speed is usually smaller than a critical speed 
required for the breakdown in free flow at a bottleneck. 
For this reason, at the flow rate satisfying condition 
^sum > C'min: any localized congested pattern becomes 
to be a nucleus for traffic breakdown, when the pattern 
reaches the effective bottleneck location. 

Thus a basic difference between empirical spontaneous 
(Fig. (b)) and empirical induced breakdowns (Fig. 
(c)) is as follows: To initiate the spontaneous breakdown 
at the bottleneck, i.e., to be a nucleus for the breakdown, 
a wave in free flow should be equal to or a larger one than 
a critical wave. In contrast, a localized congested pattern 
is always a nucleus for the breakdown at the bottleneck, 
when condition gsum > C'min is satisfied, i.e., when traffic 
breakdown can occur at the bottleneck. 

However, after the breakdown has occurred, charac¬ 
teristics of a congested pattern that has been formed at 
the bottleneck do not depend on whether the congested 
pattern has occurred due to empirical spontaneous break¬ 
down or due to empirical induced breakdown. This state¬ 


ment is illustrated by empirical data presented in Fig. 18 
In Fig. (a), a congested pattern at the on-ramp bot¬ 
tleneck ^ig. (b)) has occurred due to empirical spon¬ 
taneous breakdown caused by a wave that becomes to 
be a nucleus for the breakdown, when the wave is at 
the effective bottleneck location (Fig. |^. In contrast, in 
Fig. (b) a congested pattern at the on-ramp bottle¬ 
neck (Fig. [^(c)) has been induced due to the propagation 
of a wide moving jam through the bottleneck. Empirical 
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(a) Spontaneous traffic breakdown 



(b) Moving jam (short-time spillover) inducing traffic breakdown 
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FIG. 18: Empirical 1-min average speed (left column) and 
flow rate (right column) as time-functions measured by de¬ 
tectors installed on freeway A5-South at the bottleneck loca¬ 
tion (x = 6.4 km), downstream (x = 7.9 km) and upstream 
of the bottleneck (x = 5.1 km): (a) Real field traffic data 
measured on April 15, 1996 (Fig.[^(b)). (b) Real field traffic 
data measured on March 22, 2001 (Fig.[^(c)). 


studies show that features of congested traffic resulting 
from the induced breakdown (at t > 7:07 in Fig. 0(c)) are 
qualitatively identical to those found in congested traffic 
resulting from empirical spontaneous traffic breakdown 
(Fig. 0 (b)). In particular, in both cases congested traffic 
resulting from the breakdown at the bottleneck is self- 
maintained under free flow conditions downstream of the 
bottleneck. 

This shows that rather than the nature of traffic break¬ 
down, the terms empirical spontaneous and empirical in¬ 
duced traffic breakdowns at a bottleneck distinguish dif¬ 
ferent sources of a nucleus that occurrence leads to traffic 
breakdown: In Fig.[^(b), the source of empirical sponta¬ 
neous breakdown is one of the waves in free flow shown 
in Fig. In Fig. (c), the source of empirical induced 
breakdown is the wide moving jam. 


FIG. 19: Empirical examples of spillover without induced 
traffic breakdown (real field traffic data measured by road 
detectors on three-lane freeway A5-South (a) and A5-North 
(b) in Germany): (a) Short-time spillover through moving 
jam propagation without induced traffic breakdown at on- 
ramp bottleneck. In (a), empirical 1-min average speed (left 
column) and flow rate (right column) as time-functions mea¬ 
sured by detectors installed on freeway A5-South at the bot¬ 
tleneck location (x = 6.4 km), downstream (x = 7.9 km) and 
upstream of the bottleneck (x = 5.1 km) are shown; data 
was measured on June 23, 1998 (Fig. [^(d)). (b) Long-time 
spillover leading to expanded congested pattern (right) mea¬ 
sured on March 23, 2001 and scheme of freeway section of 
freeway A5-North with three bottlenecks (left). Bottlenecks 
in (b) have been explained in Sec. 9.2.2 of [14]. 


In contrast with the wide moving jam shown in Fig. 
(c), a wide moving jam shown in Fig. (d) does not in¬ 
duce traffic breakdown at the bottleneck. Indeed, in the 
latter case, after the jam is far away upstream of the 
bottleneck, free flow returns both at the effective bot¬ 
tleneck location as well as downstream and upstream 
of the bottleneck (Fig. (a)). Because under condi¬ 
tion qsum > C'min jam is always a nucleus for traffic 
breakdown at the bottleneck, the case shown in Fig.[^(d) 
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should be related to the opposite condition gsum < C'min 
at which no traffic breakdown can occur at the bottle¬ 
neck. We see that empirical induced traffic breakdown is 
probably the only one “method” to find whether traffic 
breakdown can occur at the bottleneck or not. 

This emphasizes another difference between empirical 
spontaneous and empirical induced traffic breakdowns at 
a highway bottleneck: When waves in free ffow propagate 
though the bottleneck without initiating of the break¬ 
down, we cannot state whether all waves are smaller than 
a critical wave, or condition qsum < C'min is satisfied at 
which no traffic breakdown can occur at the bottleneck. 
In contrast, when a local congested pattern propagates 
through the bottleneck without inducing of the break¬ 
down, we can state that the fiow rate at the bottleneck 
is smaller than Cmin- 


B. Induced traffic breakdown as one of different 
consequences of spillover in real traffic 


The effect of continuous upstream propagation of traf¬ 
fic congestion is often called spillback. When due to this 
upstream propagation a congested pattern affects an up¬ 
stream road bottleneck, it is often called spillover. In the 
cases of the wide moving jams shown in Figs. (c) and[^ 
(d), any of the jams can also be considered the effect of 
spillover because the jam forces congested traffic at the 
bottleneck. 

However, when the jams are far away upstream of the 
bottleneck, they do not force congested traffic at the 
bottleneck any more. We can see that there can be at 
least the following qualitatively different effects due to 
spillover at a highway bottleneck: 

(i) An empirical induced traffic breakdown occurs due 
to jam propagation through a bottleneck (Fig. HKc)). 

(ii) An expanded congested pattern (EP) occurs due to 
spillover (Fig. 19 (b)) |IQ8j : The EP shown in Eig.[T^(b) 
appears when an empirical congested pattern that occurs 
initially at an off-ramp bottleneck propagates upstream 
(spillback). Due to this upstream pattern propagation 
it forces congested conditions at an upstream on-ramp 
bottleneck (labeled by “on-ramp bottleneck I”); this 
spillover lasts several hours. This case of spillover can¬ 
not be considered as induced traffic breakdown, because 
congested traffic at the on-ramp bottleneck is forced by 
spillover. 

(hi) The jam propagation through a bottleneck leads 
neither to induced traffic breakdown nor to an EP (Eig.[^ 
(d)). This effect of spillover shows that the ffow rate is 
smaller than the minimum capacity of free ffow at the 
bottleneck: q < Cmin- 


C. Conclusions 

An empirical study of real field traffic data allows us 
to make the following conclusions about physical features 


of empirical nuclei for spontaneous traffic breakdown in 
free fiow at highway bottlenecks: 

1. In the most real field traffic data measured in 1996- 
2014 by road detectors on German freeways, a nucleus for 
traffic breakdown at a highway bottleneck occurs through 
an interaction of one of the waves in free fiow with a 
permanent speed disturbance localized at a highway bot¬ 
tleneck. When the wave reaches the location of the dis¬ 
turbance at the bottleneck (effective bottleneck location), 
spontaneous traffic breakdown, i.e., phase transition from 
free ffow to synchronized ffow occurs. 

2. Waves in free ffow, which can be nuclei for sponta¬ 
neous traffic breakdown at highway bottlenecks, appear 
due to oscillations in the percentage of slow vehicles over 
time. These waves propagate with the average speed of 
slow vehicles in free ffow (about 85-88 km/h for German 
highways). Within a wave, the total ffow rate is larger 
and the speed averaged across the highway is smaller than 
outside the wave. 

3. Any of the waves in free ffow, which can be a nucleus 
for spontaneous traffic breakdown at a highway bottle¬ 
neck, exhibits a two-dimensional (2D) asymmetric spa- 
tiotemporal structure whose characteristics are different 
in different highway lanes. 

4. Microscopic traffic simulations with a stochastic 
traffic ffow model in the framework of three-phase theory 
explain the empirical findings. 


Appendix A: Stochastic three-phase traffic flow 
model used for simulations 

1. Update rules of vehicle motion 

The traffic flow model used in S ec. |niB| (see Tables 
and 0 mi is a discrete version |23j of the stochastic 
three-phase traffic flow model of Ref. ISniEI]; rather than 
the continuum space co-ordinate, a discretized space co¬ 
ordinate with a small enough value of the discretization 
cell Sx is used. Gonsequently, the vehicle speed and ac¬ 
celeration (deceleration) discretization intervals are 6v= 
6x/t and 6a= 6v/t^ respectively, where time step r = I 
s. 

In formulae of Tables |T] and [TTj n = 0 , 1 , 2 ,... is number 
of time steps, Xn is the vehicle coordinate at time step 
n, Vn is the vehicle speed at time step n, Ufree is a maxi¬ 
mum speed in free flow, Qn = — d is a space gap, 

d is a vehicle length, index ^ marks the preceding vehi¬ 
cle, G(un,u^,n) is a synchronization gap, superscripts + 
and — in variables, parameters, and functions denote the 
preceding vehicle and the trailing vehicle in the “target” 
(neighboring) lane, respectively; the target lane is the 
lane into which the vehicle wants to change. 

Because in the discrete model version discretized (and 
dimensionless) speed and acceleration are used, which are 
measured respectively in the discretization values 5v and 
da, the value r in all formulae below is assumed to be the 
dimensionless value r = I. 
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TABLE I: Discrete version of stochastic three-phase traffic 
flow model of Ref. [51] 


TABLE 11: Lane changing rules in discrete version of stochas¬ 
tic three-phase traffic flow model of Ref. [5j 


Vehicle motion in road lane 


Vn + l = max(0, min('Cfree, Vn +1 + ^n, Vn + 'Cs,n)), 

Xn-\-l — Xn T 'Cn + 1'7”, 

Vn+1 = min(i;free,'ys,n,'^^c,n), 

_ f Xn T An at Qn ^ Gni 

Xn T CLnX at Qn ^ Gn-) 

An = max(-5nT, min(anT, Vi^n - Vn)), 

Qn — X£^n Xn d, 

t'free, and d are constants, r = 1; 


Stochastic time delay of acceleration and deceleration: 




an = a©(Po - ri 
po if iSn / 1 
1 ifS'n^l, 


8^n+l — 


bn = a©(Pi - n), 
p _ j Pi il 7^ ~1 
^~\P 2 iiSn = -G 

1 if 'Cn-|-l Vn 
1 if Vn+l > Vn 
0 if Vn+1 = Vn, 


©(z) = 0 at z < 0 and ©(z) = 1 at z > 0, 
n — rand(0,1), po — po{vn), P 2 — P 2 ivn), Pi is constant. 


Model speed fluctuations: 

( if Sn + 1 = 1 

= J -a if^n + l = -l 
[ if Sn+l = 0, 

= a<'‘V0(pa - r), = a^‘’V0(pb - r), 

( —1 if r < 

^0) = <1 if < r < 2 p^°^ and Vn > 0 

I 0 otherwise, 

r = rand(0,1); = a^^^(vn), a^^^ = a^^^Vn); 

Pa, Pb, P^°\ are constants. 


Synchronization gap Gn and safe speed Vs,n- 
Gn — G{Vn,X£^n), 

G{u, w) — max(0, [kru + a~^(j)Qu(u — rc)J), 
Vs,n = min Qn/r 

= [v^^^^^\gn, V£,n)i, 

=gn+ Vd(^£,n), 


Xd{u) = ^ Q, — [1//57-J, /3 = — a, 

v^^^^ = max(0,min(i;^^^®\'C£,n,P£,n/T) - ar), 

Tsafe is a Safe time gap; 6, /c > 1, and 0o are constants; 
lz\ denotes the integer part of a real number z. 


2. Model of vehicle merging at moving bottleneck 

In accordance with [44| , we assume that a slow vehicle 
moves in the right lane. If a vehicle moves initially in 
the right lane upstream of the slow vehicle, then within 
the moving merging region Lc (Fig. (b)) the vehicle 
changes from the right lane to the left lane, when safety 
conditions (*) or (**) are satisfied. 

The safety conditions (*) are as follows: 

g+ > inin({)„r, G({)„,t)+)), 
g- >min(i;-T, G(i;“,'0„)), 

Vn = min(i;+, v„ + Av^^), 


(Al) 

(A2) 


Lane changing rules 

Lane changing occurs with probability pc 
from right to left lane R ^ L and back L ^ R: 
Incentive conditions for lane changing 
R^ L: 'C+ > Vi^n + Si and Vn > Vi^n, 

L ^ P: 1 ;+ > Vi^n + Si or v^ > 'Cn + ffi. 

In conditions R ^ L and L ^ R, the value v^ at g^ > La 
and the value V£^n at gn > are replaced by 00 , 
where La is constant. 

Safety conditions for lane changing 
rules (*): g+ > min(t)„r, G+), g~ > min(u“T, G~), 
where G+ = G{vn,vt), G~ = G{v~,Vn), 
or 

rule (**): xt - x~ - d > with 

the vehicle should pass the midpoint point 
between two neighboring vehicles in the target lane. 

Speed after lane changing 
Vn = Vn, Vn = min('c+, Vn + 
in Vn the speed Vn is related to the initial lane 
before lane changing. 

Vehicle coordinate after lane changing 
does not changes under rules (*) 
and it changes to Xn = xl^^ under rule (**). 


Avr^^ > 0 is constant 

The safety condition (**) is given by formula 

xt -Xn -d> fftargJt = + d] , (A3) 

Ab is constant; in addition, the vehicle should pass the 
midpoint +x“)/2j between two neighboring 

vehicles in the target lane, i.e., the conditions 

Xn-i < and Xn > 
or (A4) 

Xn-i > Xn < 


should be satisfied. 

Speed adaptation before vehicle merging is given by 
vehicle motion rules of Tables |lj where 


Xc,n — 

f Vn + ^n at < G{Vn, «+) 

[Vn + ttnT at g+ > G(u„, V+) 

(A5) 

A+ = max(-6„T, min(a„r, t)+ - u„)), 

(A6) 

f)+ = 

-- max(0,min(ufree, + Au^^)), 

(A7) 

Avr ^ is constant. 

After vehicle merging the vehicle speed Vn is set to Vn 
(A2); note that in (A2) the vehicle speed Vn is the speed 
before vehicle merging; under the rule (*) the vehicle 
coordinate Xn does not change, under the rule (**): 


II 

e 

(A8) 
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TABLE III: Model parameters used in most simulations 
(when other model parameters or the continuum stochastic 
model of m are used, this is mentioned in figure captions) 


hide speed v = v{x, t) and headway between vehicles 
h = h{x, t) are averaged in a neighborhood of the mov¬ 
ing bottleneck as follows: 


Vehicle motion in road lane: 

Tsafe = T, d = 7.5 m/(5x, 6 x = 0.01 m, 

— 30 ms“^/(5u, 6=1 ms“^/(5a, 

Sv — 0.01 ms“^, 5a — 0.01 ms“^, /c = 3, 

pi = 0.3, 00 = 1, = 0.1, Pa = 0.17 

p(o) = 0.005, p2{vn) = 0.48 + O.320(un - U 21 ), 

Poivn) = 0.575 + 0.125 min (l,an/uoi), 
a^^\vn) — 0.2a+ 

+0.8amax(0, min(l, (^22 — Un)/Au 22 ), 

= 0.2a, — a, 

V 22 = 12.5 ms“^/(5u, Au 22 = 2.778 ms“^/(5u, 
uoi = 10 ms~^/5v, V 21 = 15 ms~^/5v, a = 0.5 ms~‘^/5a. 
Lane changing: 

(5i = 1 ms“^/(5u. La — 80 m./5x^ 

Pc — 0.2, A = 0.75, Au^^^ = 2 ms“^/(5u. 

Bottleneck models: 

Ab = 0.75 for all the bottlenecks, 

Lc — 0.3 km/(5x for moving bottleneck, 
r^free on — 22.2 ms j (5u, 

= 5 ms“^/(5u for on-ramp bottleneck, 

Lr = 1 km/5x, Avr^^ = 10 ms“^/(5u, 

Lm = 0.3 km./5x for on-ramp bottleneck. 


The same rules for vehicle merging are used in models 
of an on-ramp bottleneck (Fig. (b)) (see Fig. 16.2 in 
Sect. 16.3.6 of [H]), i.e., when a vehicle merges from the 
on-ramp onto the main road or a vehicle leaves the main 
road to the off-ramp. 


2 rt+Tj2 

Vavrix, t) = — v{x + Vdet{t' -t), t’)dt' , (Bl) 

^ Jt-Tl2 


2 rt+Tl2 

Kvvix, t) = — h{x + Vdetit' -t), t')dt' , (B2) 

^ Jt-TI2 

where T = 5 min is the averaging time interval, 'r’det is 
the speed of virtual detector (we use i;det = '^m)- The 
flow rate is 


^avr(^5 '^avr(^5 0/^avr(^5 (^3) 

In the discrete form, coordinate x and time t are discrete 
ones: x^ = mh^ and = kht, m = 0,1,2,..., k = 
0,1, 2,..., where the space ste p =7.5 m and the time 
step hi =1 s. Then formulae (IBII), (|B2|) take the form 


"^avr \^m i 


tk) 


1 

Nj^ -j- 1 


k'=NT/2 

V v{Xjn + Km', 

k' = -NT/2 


tk ) , 

(B4) 


^ k'=NTr/2 

r{^m; tk) j T ^ ' tli^XjYi “1“ h^m , t}^ -j- hfjh ), 

iVT^ T I ' 


k' = -NTl2 


(B5) 


where 


Appendix B: Model of moving virtual detector 

To reconstruct a 2D-structure of the flow rate (Fig, 
(d)), we use a moving virtual detector at which the ve- 


m' = [v^ethtk'/K\, (B6) 

the expression [zj denotes the integer part of 2 :, the value 
At is chosen to be the even value and T = (At + l)/if 
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